Abstract. Ultra-sensitive in-beam γ-ray spectroscopy studies for nuclear astrophysics are performed at the LUNA (Laboratory for Underground Nuclear Astrophysics) 400 kV accelerator, deep underground in Italy's Gran Sasso laboratory. By virtue of a specially constructed passive shield, the laboratory γ-ray background for Eγ < 3 MeV at LUNA has been reduced to levels comparable to those experienced in dedicated offline underground γ-counting setups. The γ-ray background induced by an incident α-beam has been studied. The data are used to evaluate the feasibility of sensitive in-beam experiments at LUNA and, by extension, at similar proposed facilities. 
Introduction
The Laboratory for Underground Nuclear Astrophysics (LUNA) [1] in Italy's Gran Sasso national laboratory (LNGS, Laboratori Nazionali del Gran Sasso) is the first and, to date, only accelerator facility running deep underground. It is dedicated to the study of astrophysically relevant nuclear reactions directly at or near the energies of astrophysical relevance. The LNGS rock overburden of 3800 meters water equivalent attenuates the flux of cosmic-ray induced muons by six orders of magnitude with respect to the Earth's surface [2] . The neutron flux at LNGS is three orders of magnitude lower than at the Earth's surface [3] .
Motivated by the successful study of several astrophysically relevant nuclear reactions at LUNA, new una e-mail: d.bemmerer@fzd.de b Deceased.
derground accelerators are proposed e.g. at LNGS [4] , at the planned DUSEL facility in the United States [5, 6] , at Boulby mine in the United Kingdom [7] , and at several possible sites in Romania [8] . Like the existing LUNA facility, these new proposals are driven by the need for precise data for astrophysical applications.
However, more general analysis techniques have already benefited from a great increase in sensitivity owing to the introduction of offline underground γ-counting with well-shielded high-purity germanium (HPGe) detectors [9, 10] . Therefore it is conceivable that also in-beam analysis techniques involving γ-ray detection [11] may benefit from the laboratory background suppression achieved by going underground.
In a previous work [12] , the feasibility of radiative capture experiments at LUNA has been investigated for γ-ray energies above 3 MeV, and the γ-ray background induced by a proton beam has been localized using the Doppler 1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  0  0  0  0 10 cm 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 shift. LUNA experiments where the analysis concentrates on γ-rays with E γ > 3 MeV are special in that it is not necessary to strongly shield the detector against laboratory γ-ray background, simply because this background is negligible at LUNA [12] , due to the reduced cosmic ray flux. When γ-rays with E γ < 3 MeV are to be detected, however, the picture changes. For these low γ-ray energies, natural radioisotopes present at the LUNA site dominate the background, and a sophisticated shielding of setup and detector is required.
The γ-rays with E γ > 3 MeV discussed in the previous study [12] are characteristic of radiative capture reactions with Q-values also above 3 MeV. In recent years, several such reactions have been studied at LUNA or are presently under study: -the 2 H(p,γ) 3 He reaction [13] , Q-value 5.493 MeV, important for hydrogen burning by the proton-proton chain in the Sun [14] , -the 14 N(p,γ) 15 O reaction [15, 16, 17, 18, 19] , Q-value 7.297 MeV, bottleneck of the CNO cycle, important for solar neutrinos [20] , globular cluster ages [21] , and hydrogen shell burning in asymptotic giant branch stars [22, 23] , -the 25 Mg(p,γ) 26 Al reaction [24] , Q-value 6.306 MeV, controlling the nucleosynthesis of radioactive 26 Al, a tracer of live nucleosynthesis [25] , and -the 15 N(p,γ) 16 O reaction, Q-value 12.127 MeV, important in nova nucleosynthesis [26] . Recently, the technique of underground in-beam γ-spectrometry has been extended to radiative capture reactions with Q-values below 3 MeV: -The 3 He(α,γ) 7 Be reaction has been studied at LUNA, both by activation [27, 28, 29] and by in-beam γ-spectrometry [29, 30] . This reaction has a Q-value of 1.586 MeV. It controls the flux of 7 Be and 8 B neutrinos from the Sun [14, 20] and the production of 7 Li in big-bang nucleosynthesis [31] .
-A study of the 2 H(α,γ) 6 Li reaction is planned at LUNA. This reaction has a Q-value of 1.474 MeV and is important for big-bang nucleosynthesis [31] .
Further astrophysically important reactions with low Qvalue that merit study are, for example, -the 12 C(p,γ) 13 N reaction [32] , Q-value 1.943 MeV, important for pre-equilibrium CNO burning [20] , -the 12 C( 12 C,α) 20 Ne (Q-value 4.617 MeV, main γ-ray energy 1634 keV) and 12 C( 12 C,p) 23 Na (Q-value 2.241 MeV, main γ-ray energy 440 keV) reactions [33] , important for carbon burning in massive stars [34] , and -the 24 Mg(p,γ) 25 Al reaction [35] , Q-value 2.272 MeV, important for hydrogen burning in massive stars [34] .
The aim of the present work is to facilitate the underground study of radiative capture reactions for nuclear astrophysics. It concentrates on reactions with low Q-value or low energy of the emitted γ-rays, extending the previous study [12] to γ-ray energies below 3 MeV. The present considerations apply not only at LUNA, but can be extended to other potential underground accelerator sites [5, 6, 7, 8] .
In addition, the previous study of proton-beam-induced γ-ray background [12] is taken one step further here, studying the γ-ray background induced by an intensive α-beam.
The present work is organized as follows. In section 2, the experimental setup is described. Section 3 shows the laboratory γ-ray background observed in several stages of completion of the setup. Section 4 reports on in-beam γ-ray background studies with an intensive α-beam. In section 5, the background data are used to evaluate the feasibility of in-beam γ-spectroscopic experiments deep underground.
Experimental setup
The setup is sited at the LUNA2 400 kV accelerator [36] facility. It consists of a windowless, differentially pumped gas target and a shielded HPGe detector described below. The construction of this ultra-sensitive setup was necessary for the LUNA experiment on the 3 He(α,γ) 7 Be reaction at unprecedented low energies [27, 28, 29, 30] .
The HPGe detector is a Canberra ultra-low background p-type coaxial detector with 137% relative efficiency. The endcap of the detector is made of low-background copper, and the cryostat is connected to the crystal by a 25 cm long cold finger. The crystal is oriented at 90
• with respect to the cold finger, so that the direct line of sight from the cryostat to the crystal can be shielded by a 25 cm thick layer of lead.
The ion beam from the LUNA2 accelerator first passes a disk-shaped watercooled collimator with 7 mm inner diameter, and then it enters the gas target chamber. The target chamber ( fig. 1) , made of oxygen free high conductivity (OFHC) copper, is 60 cm long and has 12 cm by 11 cm area. The ion beam is stopped, inside the target chamber, on a copper disk that serves as the hot side of a beam calorimeter with constant temperature gradient [37] .
The shielding consists of several layers and surrounds detector and target chamber, excepting two holes for letting in the ion beam and for the beam calorimeter. It is designed in such a way that the germanium crystal of the detector is typically shielded by 4 cm copper and 25 cm lead. The innermost shielding layer surrounding the detector is made of OFHC copper bricks machined so that the detector fits inside with only 1-2 mm of space left free. A 3 cm thick OFHC copper plate above the target chamber carries the weight of the upper half of the lead shield ( fig. 2) . The remainder of the shield is made of lead bricks with low 210 Pb content (25 Bq/kg 210 Pb, supplied by JLGoslar, Germany) and is 25 cm thick. The lead bricks have been cleaned with citric acid prior to mounting, in order to remove accumulated dust and surface oxidation. In order to avoid γ-rays from the decay of radon daughters, the setup is enclosed in a plexiglass anti-radon box that is flushed with the nitrogen gas evaporating from the HPGe detector's dewar. The gas volume inside the anti-radon box is approximately 4 liters.
Outside the anti-radon box, a 15 cm thick wall of the aforementioned low-background lead is placed upstream of the target chamber. In addition, a 20 cm thick wall of the same lead is placed behind the end of the calorimeter ( fig. 1 ). Inside the target chamber, the γ-rays emitted within the gas target are collimated by 3 cm thick trapezoidal-shaped lead bricks that also serve as additional shield. An elastic scattering device for studies of effective target gas density and gas contaminations is included inside the chamber [38] . In order to limit possible γ-emissions, the elastic scattering device has been made of Delrin.
For the purpose of the present study, three experimental configurations called setups A, B, and C are considered. Setups A, B, and C are all sited in the LUNA2 accelerator room deep underground.
A. HPGe detector without any shield. B. HPGe detector with complete shield except for -inner trapezoidal lead collimator, -20 cm lead wall behind the calorimeter, and -anti-radon box. C. HPGe detector with complete shield (fig. 1 ).
For comparison, also a fourth experimental configuration is considered, here called setup LLL: A HPGe detector of similar size (125% relative efficiency) and equal geometry to the present one. It is shielded with 25 cm low-background lead including an inner lining of quasi 210 Pb-free lead from a sunken Roman ship, and it has a highly efficient anti-radon box [9] . This detector is placed outside the LUNA2 accelerator room, in the LNGS lowbackground laboratory (LLL) [10] . Setup LLL is dedicated to measurements of extremely low γ-activities, as opposed to the in-beam setups A-C. As a consequence, no entrance pipe for the ion beam has been provided in setup LLL, improving the shielding.
Setup C has been used for the in-beam γ-spectroscopic part of the LUNA 3 He(α,γ) 7 Be study [29, 30] . Setup LLL has been used for part of the 7 Be-activity counting in that same study [27, 28, 29, 30 ].
3 Laboratory γ-ray background studies for E γ < 3 MeV
The laboratory γ-ray background has been studied for setups A, B, and C, with running times of several days without ion beam for each setup. For comparison, also the spectrum taken with an inert sample ( 4 He+ 4 He irradiated OFHC copper [27] ) on detector LLL is shown.
Comparing the unshielded setup A with the shielded setup B (fig. 3 ), a reduction of three orders of magnitude in the γ-ray continuum below 2615 keV is observed, and the summing lines above the 2615 keV 208 Tl line are no longer evident. In addition, the counting rate for the most important single γ-lines is reduced by three orders of magnitude or more (table 1) .
Improving the shielding from setup B to the final setup C yields up to another order of magnitude suppression in the γ-continuum below 2615 keV. the effective shielding thickness for a limited solid angle; hence the limited improvement of only a factor 2-3. See table 1 for the counting rate of selected lines and table 3 for the assignment of the lines evident in spectrum C.
The counting rates in the 609, 1120, 1730, and 1764 keV lines (all assigned to 214 Bi in the present case) are improved by about a factor 10 from setup B to setup C. This is due to the operation of the anti-radon box that reduces the amount of 222 Rn (t 1/2 = 3.8 d, progenitor of 214 Bi) present in the remaining air pockets near the detector.
A similar reduction is evident for the 511 keV annihilation line in setup C; it is just barely significant at 2σ level. Because of the deep-underground location, muon-induced pair production and decay of stopped µ + [39] only contribute negligibly to the counting rate in that line. Different from γ-ray spectroscopy systems at the surface of the Earth, in the present case this line can therefore be effec- tively attenuated by passive shielding against β + emitters, and by eliminating β + -emitting contaminations. The remaining γ-lines evident in spectrum C ( fig. 3 ) can all be traced back to natural radionuclides present in the laboratory, detector, or radon gas (table 3) . No neutron-induced (n,γ), (n,n'γ), or activation lines [39] can be identified in spectrum C after 21 days counting time.
In order to judge the quality of the background suppression in spectrum C, this spectrum is compared with an inert sample [27] counted in setup LLL (fig. 4) . The spectra have not been corrected for the slightly different size of the crystals: 137% in setups A-C and 125% in setup LLL. The γ-continuum below 1162 keV (Q-value of the β − -decay of 210 Bi, daughter of 210 Pb) is up to one order of magnitude higher in setup C when compared to setup LLL. Some of this continuum stems from bremsstrahlung emitted by electrons created in 210 Bi β − decay. The modern low-background lead used in setup C still has more 210 Pb than the Roman ship lead used for the inner shield lining in setup LLL.
The higher counting rates in the 40 K (1461 keV), 208 Tl (2615 keV), and radon (609, 1120, 1730, and 1764 keV) lines in setup C with respect to setup LLL, with a concomitant increase in the Compton continuum, are ascribed to the inevitable opening for the beam pipe, which leads to a small window of not optimally shielded solid angle.
γ-ray background induced by the α-beam
As a next step, two experiments with α-beam have been performed.
In the first in-beam experiment, the beamstop in setup B has been bombarded for 47 hours with a 4 He + -beam of E α = 350 keV and 110 µA intensity from the LUNA2 accelerator. During this experiment, the gas target setup Counts/(keV hour)
Setup C Setup LLL Fig. 4 . Laboratory γ-ray background spectra, setup C (red full line, same as in fig. 3 ), and inert sample counted in setup LLL (black dashed line). See table 1 for the counting rate of selected lines and table 3 for the assignment of the lines evident in spectrum C.
was evacuated to better than 10 −3 mbar. The in-beam spectrum shows no additional γ-lines with respect to the laboratory background ( fig. 5 ).
The only difference between the in-beam and offline spectra in setup B that is significant at 2σ level is a higher counting rate in the 511 keV e + e − annihilation line. The continuum counting rates of relevance for in-beam γ-spectroscopic studies are consistent (table 2) . In order to explain the 511 keV counting rate increase, one has to assume some creation of β + emitters by the α-beam. Due to the absence of other new γ-lines in the spectrum, it is impossible to assign a particular nuclide (and, by extension, a particular reaction producing that nuclide) as the supposed β + emitter. However, it should be noted that the in-beam 511 keV counting rate is still 400 times lower than in the unshielded case of setup A.
The second in-beam experiment, was performed with the fully shielded setup C and a 4 He + -beam of E α = 400 keV and 240 µA intensity for a 62 hour long irradiation [29, 30] . The gas target was filled with 0.7 mbar 4 He gas (chemical purity 99.9999%) during this experiment. Just as in the previous case, the in-beam spectrum shows no additional γ-lines with respect to the corresponding laboratory background (fig. 5) .
The line counting rates (table 1) , as well as the continuum counting rates of relevance for in-beam γ-spectroscopic studies (table 2) are consistent between in-beam and offline runs in setup C. Only at the lowest γ-ray energies, the in-beam continuum counting rate is slightly higher, but this difference is only significant at the 1σ level. For the 511 keV line, a slightly higher counting rate is observed in the in-beam spectrum, but the increase is not significant at the 2σ level.
Summarizing, in two exemplary configurations without gas (p < 0.001 mbar) and with 0.7 mbar 4 He gas in the target, the α-beam induced background was shown to be negligible when compared with the already low labo- ratory background. This conclusion has been verified for a number of specific nuclear reactions (table 2).
Feasibility of cross-section measurements at LUNA
In order to evaluate the feasibility of in-beam cross-section measurements, the present background data are used to calculate the hypothetical cross-section σ S=N (E γ ) for which the expected 'signal' S would be equal to the 'noise' N, here taken as the laboratory γ-ray background in a 30 keV wide γ-ray region of interest [E γ -15 keV; E γ + 15 keV]
Here, LabBG(E γ ) is the laboratory background counting rate per keV and hour plotted in fig. 3 , for setup B or C, respectively. The γ-ray detection efficiency in the present geometry is ε γ (E γ ) (0.4% at E γ = 1.33 MeV). An effective target thickness of 6 · 10 17 atoms/cm 2 is assumed, corresponding e.g. in the 3 He(α,γ) 7 Be case to 9 keV energy loss in the target [27, 28] . Due to the steep decline of the Coulomb barrier penetrability with lower energy, as a rule of thumb in LUNA-type experiments an increase of the target thickness beyond 10 18 atoms/cm 2 does not increase the yield any further [34] . As ion beam intensity, a typical LUNA value of 250 particle-µA is assumed, and a branching ratio of 1 for the γ-ray of interest has been supposed.
The laboratory background level is evaluated for a 30 keV wide region of interest in E γ ( fig. 6 ). This approach is valid for primary γ-rays from capture into a particular level in the compound nucleus, with a target thickness equivalent to 30 keV energy loss by the primary beam. For light target nuclei like 3 He and 2 H, the Doppler shift for γ-rays emitted before or behind the detector makes it necessary to maintain a 30 keV wide region of interest even if the energy loss in the target is lower. For secondary γ-rays, the resolution of the γ-ray from the decay of the relevant excited state in the Compound nucleus (again taking Doppler corrections into account) should be adopted instead of 30 keV in eq. (1) . This leads to a somewhat improved sensitivity, so for secondary γ-rays the present σ S=N (E γ ) values (fig. 6) should be taken as a conservative upper limit.
To put the sensitivity data in the proper astrophysical context, some representative examples for nuclear reactions are worthy to be studied afresh are mentioned here. Concerning the reactions responsible for the production of 6, 7 Li in big-bang nucleosynthesis (T 9 ≈ 0.3-0.9; T 9 stands for the temperature in 10 9 K), 2 H(α,γ) 6 Li and 3 He(α,γ) 7 Be, the present sensitivity is sufficient for an experimental study directly at the Gamow energy (table 4). Such a study has indeed been performed in the 3 He(α,γ) 7 Be case [29, 30] . The CNO-cycle reaction 12 C(p,γ)
13 N at temperatures typical for hydrogen shell burning is an analogous case; also here a direct study is feasible.
For the temperature at the center of the Sun, T 9 ≈ 0.016, however, a study directly at the Gamow energy would be hampered by the prohibitively low cross-section for the two example reactions 3 He(α,γ) 7 Be and 12 C(p,γ)
13 N (table 4) . Similar considerations apply for stable carbon burning, where temperatures of T 9 = 0.5-1.0 are experienced. Two of the most important carbon burning reactions, 12 C( 12 C,α) 20 Ne and 12 C( 12 C,p) 23 Na, have recently been studied at the surface of the earth [33] . The off-resonance data were limited by the laboratory background [33] . One can estimate the non-resonant contribution, to which any hypothetical resonance should be added, to be constant with energy and equal to the value found in Ref. [33] . Based on this assumption, for these two reactions a nonresonant cross-section about four orders below the present σ S=N is found (table 4) .
For the present estimates ( fig. 6, table 4) , the ion beam induced γ-background is assumed to be negligible at the γ-ray energies of interest. Whether or not this assumption is valid depends on the precise experimental setup, target, beam, and beam energy to be used. Therefore it is difficult to make generalized statements regarding the beam-induced background.
The present assumption of negligible beam induced γ-background was shown to be fulfilled in two selected cases with α-beam at LUNA energies (section 4), and previously in one selected case for proton beam [12] . All of these cases involved gas targets. It is much more difficult to reliably predict the beam-induced background from 12 C-beam at energies close to E Gamow , because unlike the proton-and α-beam induced background this has not yet been investigated. In case a solid carbon target is selected, this presents an additional challenge. A dedicated study of 12 C-beam induced γ-background at energies of 1-2 MeV (much higher than the dynamic range of the current LUNA accelerator) is clearly called for as a first step Table 4 . Reactions of astrophysical interest discussed in the text. The relevant astrophysical scenario, typical temperature T9 and corresponding Gamow energy [34] EGamow are also given. The expected cross-section at EGamow has been estimated. The relevant γ-ray energy is also shown. For the case of setup C, the cross-section σS=N(Eγ ) has been calculated following eq. (1).
to underground experiments with heavy ion beams such as 12 C. In summary, for the present LUNA accelerator and present ultra-sensitive setup including a single large HPGe detector, it has been shown that cross sections of typically 1-10 pbarn can well be measured. The precise value depends on the γ-ray energy, and on the above discussed assumption that the beam induced background is under control. The extent to which the present feasibility data can be extended to proposed underground accelerator laboratories outside the LNGS facility [5, 6, 7, 8] has to be evaluated based on the precise background conditions at those sites.
Summary and outlook
The feasibility of ultra-sensitive in-beam γ-ray spectroscopic studies for reactions with γ-rays of E γ < 3 MeV in the exit channel has been investigated at the LUNA deep underground accelerator facility.
To this end, the laboratory and ion-beam-induced γ-ray background for γ-energies E γ < 3 MeV has been studied. Using a sophisticated passive shielding, the laboratory γ-ray background for in-beam γ-spectroscopic studies has been reduced to levels not far from those achieved in stateof-the-art offline underground γ-counting. For two selected cases, the γ-ray background induced by an intensive α-beam has been shown to be negligible when compared with the laboratory background.
The data were then used to compute a γ-ray energy dependent cross section for which the expected signal is equal to the expected background.
Based on several concrete cases, it has been shown that ultra-sensitive underground in-beam γ-ray spectroscopy has great potential for future contributions to experimental nuclear astrophysics.
